Optical Measurements of Presynaptic Activity
In order to more directly observe possible presynaptic this frequency would be sensitive for detecting responses to pharmacological and physiological manipuactions of dopamine on corticostriatal activity, we directly assessed the activity of individual corticostriatal lations. This frequency is consistent with physiological corticostriatal neuron firing rates (Stern et al., 1997) . The terminals in the dorsal striatum by combining 2-photon microscopy of FM1-43 fluorescence and amperometric mean fractional destaining per stimulus (f; see Experimental Procedures) at 1 Hz was 0.21% Ϯ 0.02%, similar recordings in corticostriatal slices prepared from adult mice. The corticostriatal projection was stimulated using to previous reports (Isaacson and Hille, 1997). There was a marked frequency-dependent depression of debipolar electrodes placed over layers V-VI (Wilson, 1987) of the motor cortex. Activity of corticostriatal terminals staining, so that the mean fractional destaining per stimulus declined to f ϭ 0.038% Ϯ 0.005% at 10 Hz, f ϭ was recorded optically in the motor striatum at a distance of 1.5-2.0 mm from the stimulating electrode ( We examined a potential role for glutamate-mediated feedback pathways on corticostriatal destaining by loaded by cortical stimulation revealed linear arrays of puncta (diameter ϭ 0.81 Ϯ 0.25 m, mean Ϯ SEM, n ϭ loading and destaining striatal terminals with FM1-43 in the presence and absence of the NMDA receptor 81) characteristic of en passant corticostriatal afferents (Wilson, 1987) . The puncta in Figure 2A exposed sections (t 1/2 ϭ 181 s; n ϭ 105 puncta from 4 we examined corticostriatal destaining while releasing endogenous dopamine ( Figure 4A ). The bulk of studies slices) were similar to controls (t 1/2 ϭ 176 s; n ϭ 193 puncta from 8 slices; p Ͼ 0.1), indicating that under our to date have interpreted presynaptic actions of dopamine following stimulation of corticostriatal fibers en conditions there was no effect on destaining rates due to corticostriatal glutamate release and a consequent passant by applying current to the corpus callosum. To our knowledge, no one has measured whether current feedback pathway. Likewise, in combination with NBQX, the GABA B antagonist CGP 52432 (10 M; t 1/2 ϭ 198 s; spread might also stimulate dopamine release from striatal terminals, which could occlude observation of genun ϭ 142 puncta from 4 slices; p Ͼ 0.5) and the adenosine A1 antagonist DPCPX (500 nM; t 1/2 ϭ 194 s; n ϭ 63 ine effects. Cyclic voltammetry demonstrated that stimulation of the corpus callosum itself elicited dopamine puncta from 3 slices; p Ͼ 0.4) had no effect on corticostriatal kinetics.
release; for example, in the striatum ‫003-002ف‬ m from the corpus callosum, a single pulse 400 A, 1 ms stimuTo compare destaining elicited by cortical stimulation to that elicited by striatal stimulation, corticostriatal terlus evoked a peak concentration of 0.36 Ϯ 0.07 M (n ϭ 4) dopamine. In contrast, cortical stimulation elicited no minals were loaded with FM1-43 using 10 Hz stimulation over cortical layers 5-6. The electrode was then reposidopamine release ( Figure 4B ) so long as the stimulation electrodes were dorsal to the corpus callosum. tioned over the border of the corpus callosum and striatum. Destaining puncta were visualized with the imaging Rodents exposed to behaviorally salient stimuli display a rapid pulsatile elevation of striatal dopamine that window positioned over the lateral striatum just medial to the stimulating electrodes. Next, we examined if striatal dopamine exerted its influence on corticostriatal terminals through cholinergic, GABAergic, or adenosine interneurons or receptors. Corticostriatal destaining half-times in the presence of the muscarinic receptor antagonist atropine (10 M; t 1/2 ϭ 195 s; n ϭ 77 puncta from 3 slices; p Ͼ 0.1) and the nicotinic receptor antagonist mecamylamine (100 M; t 1/2 ϭ 199 s; n ϭ 106 puncta from 3 slices; p Ͼ 0.1) were similar to controls (176 s). Atropine with striatal stimulation did not affect corticostriatal destaining times (t 1/2 ϭ 290 s, n ϭ 77 puncta from 3 slices; versus t 1/2 ϭ 260 s for striatal stimulation alone; p Ͼ 0.2). Likewise, mecamylamine (100 M; t 1/2 ϭ 274 s, n ϭ 106 puncta from 3 slices; p Ͼ 0.9), the GABA B antagonist CGP 52432 (10 M; t 1/2 ϭ 321 s; n ϭ 129 puncta from 4 slices; p Ͼ 0.05), or the adenosine A1 antagonist DPCPX (500 nM; t 1/2 ϭ 306 s; n ϭ 68 puncta from 3 slices; p Ͼ 0.2) combined with quinpirole (1 M) did not block the inhibition of destaining measured in sections exposed to quinpirole alone (t 1/2 ϭ 288 s; n ϭ 77 puncta from 3 slices).
To elevate extracellular dopamine levels in a different manner, we tested the effects of amphetamine, which induces continuous dopamine efflux from nigrostriatal terminals via reverse transport ( 
by D2 Dopamine Receptors
We used specific dopamine receptor ligands to determine which receptor was responsible for the depression corticostriatal terminal activity by dopamine release. While most terminals showed a slower destaining rate of corticostriatal activity. The D2-like receptor antagonist, sulpiride (10 M), induced a small but significant in the presence of dopamine, there was still a small fraction of rapidly destaining puncta ( Figure 5B ). Histoenhancement of destaining (t 1/2 ϭ 150 s versus 176 s for controls; p Ͻ 0.01; Figures 6A, 6C , and 6D), suggesting grams of individual terminal destaining times revealed a rightward shift for most terminals exposed to synaptia low level of ongoing D2 receptor activity independent of dopamine release. Sulpiride completely blocked the cally released dopamine ( Figure 5C ). When the t 1/2 of each terminal was displayed in a normal probability plot, effect of striatal stimulation (t 1/2 ϭ 170 s versus 269 s for stimulated sections; p Ͻ 0.001), resulting in destaining in which a straight line signifies a normal distribution, it was apparent that the most rapidly destaining terminals curves comparable to controls (t 1/2 ϭ 176 s; p Ͼ 0.5; Figures 6A and 6C ). Sulpiride at a lower concentration ‫)%51ف(‬ were unaffected by dopamine, whereas the majority ‫)%58ف(‬ exhibited slower destaining times follow-(100 nM) also blocked the effect of dopamine elicited by striatal stimulation (t 1/2 ϭ 179 s sulpiride-treated secing dopamine release ( Figure 5D ).
In order to examine a potential role for a glutamatetions; n ϭ 67 puncta from 4 slices; versus 191 s for stimulated sections with sulpiride; n ϭ 49 puncta from evoked feedback pathway on the response to dopa- 0.001, t ϭ Ϫ5.04, df ϭ 9, paired t test). The reduction ole also reduced the frequency of spontaneous synaptic currents in each of five cells examined (from 2.87 Ϯ 0.59 due to quinpirole at the 1 Hz stimulus was not significant (Ϫ89 Ϯ 10.9 versus Ϫ73 Ϯ 7.6 pA, difference of Ϫ7.6% Ϯ to 1.85 Ϯ 0.43 Hz, n ϭ 5; t ϭ 3.84, df ϭ 4, p ϭ 0.019; Figure 8B ). Amplitude-frequency distribution histo-6.2%; p ϭ 0.218, t ϭ Ϫ1.34, df ϭ 8, paired t test). Quinpir- Figure 6 . Effects of D2 Receptor Activity on Corticostriatal Terminal Destaining (A) Corticostriatal terminal destaining half-times (t 1/2 ) during stimulated striatal dopamine release (Stim; n ϭ 273 puncta from 7 slices) are compared to controls with no striatal stimulation (Cont; n ϭ 193 puncta from 8 slices). Sulpiride (Sulp; 10 M; n ϭ 147 puncta from 10 slices) decreases terminal half-times and occludes the effect of striatal stimulation (n ϭ 152 puncta from 7 slices) and the combination of stimulated dopamine release and amphetamine (n ϭ 95 puncta from 5 slices). Additional slices were exposed to the D1-like antagonist SCH 23390 (10 M) with (Sch ϩ Stim; n ϭ 278 puncta from 9 slices) and without (Sch; n ϭ 386 puncta from 10 slices) stimulated dopamine release. Other nondopamine-exposed slices were treated with the D1-like agonist SKF 38393 (Skf; 10 M; n ϭ 151 puncta from 6 slices). (B) Distributions of terminal half-times of destaining in the presence of the D2 receptor agonist quinpirole (Quin; 0.5 M; n ϭ 221 puncta from 8 slices) and antagonist sulpiride (10 M; n ϭ 147 puncta from 10 slices) are compared to controls (D2 wild-type congenic mice; n ϭ 193 puncta from 8 slices, 3 animals). Destaining half-times in D2 Ϫ/Ϫ mice (n ϭ 158 puncta from 9 slices, 4 animals) are similar to those for sulpiride. D2 Ϫ/Ϫ mice exposed to quinpirole (0.5 M; n ϭ 288 puncta from 7 slices, 3 animals) or to a combination of amphetamine (10 M) and striatal stimulation (n ϭ 179 puncta from 7 slices, 3 animals) also show low half-times of destaining. fibers in a manner that likely elicited striatal dopamine release, potentially occluding effects of dopamine or dopamine receptor agonists.
Discussion
We developed an approach to directly measure effects of synaptic dopamine release at presynaptic cortiSynaptic arrangements consisting of dendrites with fast-acting glutamatergic or GABAergic inputs and costriatal terminals and have thus identified an example of axo-axonic modulation of presynaptic activity by G closely neighboring modulatory inputs that activate G protein-coupled receptors are common in the brain. Perprotein-coupled receptors in the central nervous system. In addition, our approach evoked synaptic dopahaps the most studied system has been the corticostriatal-mesostriatal synapses on medium spiny neuronal mine release and reuptake with kinetics that closely resemble those reported in awake behaving animal predendrites. The effect of dopamine release on the activity of excitatory corticostriatal inputs is highly controversial sented with behavioral stimuli. As stimulation of cortico- By visualizing vesicular release from individual termiTogether, the data suggest the hypothesis that in the dynamic and kinetic range of dopamine input associated nals, we found that at each corticostriatal stimulation frequency, the most active terminals appeared selecwith salient behavioral stimuli, the most active corticostriatal inputs are selected by filtering out the activity tively resistant to dopamine D2 receptor-dependent inhibition, while the remaining terminals were inhibited. of the less active inputs. While the mechanism of interaction between dopamine and the frequency of corticostriThis is similar to a finding from hippocampal autapses, in which the ‫%61ف‬ of boutons with higher release probaatal stimulation is not understood, we speculate that this effect could indicate how dopamine release associated bility were selectively resistant to presynaptic GABAergic inhibition, while ‫%48ف‬ were depressed (Rosenmund with salience interacts with a highly activated cortical input during motor learning to reinforce specific subsets et al., 1993). Although the precise mechanism of dopamine's activity-dependent heterosynaptic filtering is unof corticostriatal connections. We also found that the effects of amphetamine on corticostriatal terminal activknown, its persistence under glutamate, GABAergic cholinergic, and adenosine receptor blockade, as well ity were nearly identical to those from evoked synaptic dopamine release. Thus, psychostimulant drugs may as its complete inhibition by a D2 antagonist and lack of response in a D2 knockout mutant, 
